Summary.-HeLa cells in culture do not accumulate ascorbic acid unless ascorbic acid or dehydroascorbic acid is available in the medium. Collagen peptidase corresponding to the activity found in the invasive zone of tumours, and acid phosphatase, in HeLa cells cultured under normal conditions, are unaffected by ascorbic acid, but are reduced in cells deprived of carbohydrate. These reduced collagen-peptidase levels, but not acid phosphatase, are restored to the values of normal HeLa cells by ascorbic acid. The relevance of these findings is considered in the context of tumour growth and spread.
NORMAL tissue requirements for ascorbic acid (AA) are met either by synthesis from carbohydrate or from the diet, as in primates, whose inability to supply their own needs is attributed to the absence or very low activity ofthe relevant enzyme system. In man, elevated concentrations of AA are found in adrenal cortex, liver, corpus luteum and particularly in regions of rapid growth such as regenerating tissues. In tissues exposed to carcinogenic agents (Kennaway et al., 1944; Boyland and Grover, 1961) in proliferating malignant tumours (Musulin et al., 1936) and in human skin secondary tumours derived from lung cancer (Kakar and Wilson, 1974) AA levels are higher than in corresponding normal or surrounding normal tissues, and these findings have implications for tumour growth, invasiveness and metastasis. Reduced tissue levels of AA are associated with various pathological conditions suggesting, in cancer, a withdrawal of AA from surrounding normal tissue into the tumour. Little is known about the presence or metabolism of AA in embryonic tissues or in primitive cells.
Consideration of the increased levels found in cancers and of their role in tumour biology indicated the desirability of establishing by in vitro experiments whether, unlike normal adult tissues, malignant cells in culture might be able to synthesize AA or, like solid tumours, accumulate it from their environment, against a concentration gradient. Accordingly, this study reports the application of cultured HeLa cells to aspects of AA function summarized above in the context of tumour growth and spread.
EXPERIMIENTAL
HeLa cells were cultured in Brockway Sani-Glas 1-litre screw-cap bottles with 80 ml portions of Eagle's minimum essential medium containing Earle's balanced salts, 10% calf serum, glucose, glutamine, non-essential amino acids and antibiotics. The effective glass area was 125 Cm2 per bottle, and the seeding rate was 105 cells per ml. After 3 2 days at 37TC, growth was exponential, and the cell count had usually increased 4-to 5-fold, with a viability index assayed by the trypan-blue-exelusion method of 90-94o/.
Indices were higher when counting was performed in growth medium rather than in Ringer's solution. When culture was continued for a second 31-day phase after re-placing the medium, viability was 73 % with standard medium and 41-45% if glucose was omitted. Such cultures may approximate more closely to the overall state of many cancers than cultures of the highest viability produced with optimum nutrition. After release from the glass with EDTA and counting, cells were washed by centrifuging in a small volume of cold Ringer's solution. For extraction by the method of Denson and Bowers (1961) the washed cell pellet was ground with a glass rod with cold 0-31M (50/) trichloroacetic acid (1 ml) and diluted to volume 15 min before centrifuging at 3000 rev/min. 031M (2.5%) metaphosphoric acid was equally satisfactory for this purpose. Different numbers of cells were diluted to proportional volumes; normally, 120 x 106 cells were made up to 4 ml.
For ascorbic acid (AA) or dehydroascorbic acid (DHAA), cell extracts were assayed by a 2: 4-dinitrophenylhydrazine (DNPH) method adapted from Denson and Bowers (1961) , which does not differentiate between the reduced and oxidized forms of the acid, and for ascorbic acid specifically by the 2: 6-dichlorophenol-indophenol method (DCP) of Roe (1964) . Serial dilutions of cell supernatant (1 ml) and reagent (DNPH) (0.3 ml) were incubated for 4 h at 37°C and then cooled. 12-2M sulphuric acid (65% v.v., 2-5 ml) was added with mixing and cooling. Optical densities were read at A=520 nm and compared with those of standards. The reagent, kept at 5°C, contained 10 ml 011M (2.2%) 2:4-dinitrophenylhydrazine in 5M sulphuric acid, with 0-5 ml 0-66M (5%) aqueous thiourea and 0-5 ml 0-03M (0.5%) aqueous cupric sulphate added.
For assay of AA, the reagent contained 4-3 x 10-5M 2: 6-dichlorophenol-indophenol (2 mg) and 0-038M sodium acetate (0.5 g) in 160 ml water. Serial dilutions of cell supernatant (0 5 ml) were mixed with reagent (3.5 ml) and the optical densities were read at A=520 nm and compared with standards. In one type of experiment, cells were cultured for 32 days in medium to which AA was added 4 times at daily intervals in amounts each making the medium 11-4 x 10-5M (20 jug/ml) in respect of AA. After harvesting, extracts of cells were assayed for AA (Table  I) .
Subsequently, analyses showed that AA and DHHA disappeared from culture media at 37°C in a much shorter period than the 24 h interval between additions. Accordingly, AA and DHAA were withheld from cultures until 4 h before cell harvesting, when 4 successive portions of the acids were added to the growth media in amounts equivalent hto 11 4 x 10-5M (20 ug/ml) medium at hourly intervals followed by incubation for 1 h. Analyses showed a correspondence between the 2 methods (Tables II and III) although the indophenol (DCP) procedure gave somewhat higher values and was more erratic, possibly due to oxidation reactions in the presence of labile compounds including thiols. AA was absent or below the limit of detection in HeLa cells cultured under standard conditions.
When DHAA was added to cultures, none was found in cell extracts, and the cells contained AA at 3-4 x the level for cells cultured with AA.
Collagen-peptidase activity in cell extracts was assayed by a modification of the method employed by Strauch and Vencelj (1967) and Strauch (1972) to establish the relationship between activity and invasiveness in tumours, using the synthetic chromophore substrate phenylazobenzyloxy -prolyl -leucyl -glycylprolyl-D-arginine HCI of Wunsch and Heidrich (1963) . Serial dilutions of cell extract in veronal-acetate pH 7-2 buffer (0-25 ml) and buffer (0.5 ml) were incubated for 1 h at 37°C. The substrate (4.93 x 10-4M=0-4 mg/ ml) in pH 7-2 buffer (0 5 ml) was added and the mixture further incubated at 37°C for 15 min 0-026M (0-5%) citric acid solution, 2-5 ml, was added and extracts in ethyl acetate (2 x 2-5 ml) dried over anhydrous sodium sulphate gave optical densities at A=320 nm, together with a reagent control, an enzyme control and a substrate control.
When HeLa cells were cultured for 3 days and then 11-4 x 10-5M AA (20 ,ug/ml) was added hourly during the last 4 h of growth, their collagen-peptidase activity was not significantly different from that of cells grown in standard medium (Table IV) .
The effect of glucose deprivation on HeLa cells was investigated as follows. At the end of the standard 31-day culture period, the medium was-poured off the cells and replaced so that one group of 3 bottles forming a control received fresh standard medium for a further period of growth, and a second group of 9 bottles received medium which contained no added glucose. After a total of 7 days' growth, the control cells were harvested, counted and extracted under standardized conditions.
At the same time, cells from 4 bottles of deficient medium were re-incubated with fresh glucose-free medium containing 11 4 x 10-5M AA (20 yg/ml) which was renewed each hour for 4 h prior to cell harvesting and extraction. before addition of substrate (0 5 ml) and further incubation for 1 h at 370C. After cooling and addition of pH 8-5 stopper (2 ml of 01M tris,+04M KH2PO4=1-2 g+5-43 g in 100 ml water) optical densities were read at A=420 nm (Table VI) . Lyl phosphate (10-5 mg/ml) 4-day period, in conditioiis unfavourable tate buffer, pH 5-0 (Docu-to the survival of the vitamin in solution. i ed., 1962, p. 314) . Serial The cells also accumulated AA from extract (0-5 ml) and buffer medium during a relatively short period acubated for 10 min at 37°C of exposure. Of particular interest is the accumulation of AA and absence of DHAA within cells when only the oxidized form was available in the medium. The ability of cells to carry out the necessary metabolic processes indicated their potential for reduction. There is no evidence to indicate whether DHAA is more readily assimilated into the cell than reduced AA, or whether DHAA is first reduced just outside the cell and then absorbed. However, the former is more probable, as the latter circumstances would not account for the increased cell concentration relative to the AA in the medium.
HeLa cells contain collagen peptidase (reviewed by Strauch, 1972 ) of a type found at elevated levels in the advancing front of tumours and varying with their relative, malignancy. In conjunction with other tissue-lysing enzymes, such activity may increase both invasiveness and the release of malignant cells from tumours thus contributing to metastasis. The levels of extractable collagen peptidase in HeLa cells are unchanged by addition of AA or DHAA to standard growth medium, indicating that with normal nutrition the enzyme exists wholly in one form, without precursors requiring an extrinsic reducing agent for their activation.
With inadequate nutrition due to carbohydrate deficiency, a marked reduction in the collagen-peptidase activity of HeLa cells occurs, which may be related to the impaired reducing potential of the cell. Activity was restored on treatment with AA. Application of the nitroprusside test showed that glucose-deprived cell extracts have a reduced free-thiol reaction, and this returns in AA-treated cultures. Accordingly, the presence of enzymes in precursor form with inactivated-SH groups may be inferred from, though not proven by, the restoration of activity with AA. The presence of such groups may also be assumed from the inhibitory effect on tumour collagenase of thiol reagents including the cyclic-imide type demonstrated by Boggust (1975) . As with collagen peptidase, acid-phosphatase activity was reduced in glucose-deprived HeLa cells. This enzyme, regarded as an indicator of lysosomal enzyme activity, unlike collagen peptidase, was not restored by AA. By implication then, collagen-peptidase and acid-phosphatase production are independent, and subordinate to different areas of cellular control.
Accordingly, in malignant tumours, collagenolytic degradation of tissue barriers to invasion, such as the dissolution of basement membrane described by Birbeck and Wheatley (1965) may be affected by various factors, including the nutrition of the tumour cell itself. Where this is adequate, maximum enzyme activity will be demonstrated, but with impaired nutrition, less than full activity may be realised, and invasiveness diminished. Such limitation may be responsible for the zoning of collagenolytic activity around tumours described by Keiditsch and Strauch (1970) where highest activity occurs at invading tumour margins, with lesser activity within, where cells are at a nutritional disadvantage because of the inferior vasculature described by Willis (1960) and others. As tumours grow outwards, so their nutrition and oxygenation become increasingly inadequate towards the centre, resulting in the characteristic necrosis of such lesions. Glucose-deprived cultures likewise contain cells in various conditions including exponential, viable, non-viable and necrotic. The presence of non-viable and dead cells in cultures accordingly may simulate conditions found in many human tumours.
Although Strauch (1972) observed that AA has no effect on isolated collagen peptidase in a cell-free system, these findings may have some relevance to the effects of AA in the management of cancer. In cases of modified tissue metabolism resulting from inadequate nutrition, an increase in the reducing power of malignant cells from any cause, or an increase in the circulating AA level arising from the diet, could potentiate precursors and increase the lytic activity of the tumour. In this way AA might possibly exacerbate malignancy in tumours.
